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Lanthanum strontium manganate (La0.67Sr0.33MnO3, i.e., LSMO)/lanthanum manganate (LaMnO3,
i.e., LMO) perovskite oxide metal/semiconductor superlattices were investigated as a potential
p-type thermoelectric material. Growth was performed using pulsed laser deposition to achieve
epitaxial LSMO (metal)/LMO (p-type semiconductor) superlattices on (100)-strontium titanate
(STO) substrates. The magnitude of the in-plane Seebeck coefﬁcient of LSMO thin ﬁlms (<20 lV/K)
is consistent with metallic behavior, while LMO thin ﬁlms were p-type with a room temperature
Seebeck coefﬁcient of 140 lV/K. Thermal conductivity measurements via the photo-acoustic (PA)
technique showed that LSMO/LMO superlattices exhibit a room temperature cross-plane thermal
conductivity (0.89 W/mK) that is signiﬁcantly lower than the thermal conductivity of individual
thin ﬁlms of either LSMO (1.60 W/mK) or LMO (1.29 W/mK). The lower thermal conductivity
of LSMO/LMO superlattices may help overcome one of the major limitations of oxides as
thermoelectrics. In addition to a low cross-plane thermal conductivity, a high ZT requires a
high power factor (S2r). Cross-plane electrical transport measurements were carried out on
cylindrical pillars etched in LSMO/LMO superlattices via inductively coupled plasma reactive ion
etching. Cross-plane electrical resistivity data for LSMO/LMO superlattices showed a magnetic
phase transition temperature (TP) or metal-semiconductor transition at 330 K, which is 80 K
higher than the TP observed for in-plane resistivity of LSMO, LMO, or LSMO/LMO thin ﬁlms.
The room temperature cross-plane resistivity (qc) was found to be greater than the in-plane
resistivity by about three orders of magnitude. The magnitude and temperature dependence of
the cross-plane conductivity of LSMO/LMO superlattices suggests the presence of a barrier with
the effective barrier height of 300 meV. Although the magnitude of the cross-plane power
factor is too low for thermoelectric applications by a factor of approximately 104—in part
because the growth conditions chosen for this study yielded relatively high resistivity ﬁlms—the
temperature dependence of the resistivity and the potential for tuning the power factor by
engineering strain, oxygen stoichiometry, and electronic band structure suggest that these epitaxial
C 2012 American Institute
metal/semiconductor superlattices are deserving of further investigation. V
of Physics. [http://dx.doi.org/10.1063/1.4754514]
I. INTRODUCTION

Metal/semiconductor superlattices with cross-plane
transport offer a novel approach towards improving the thermoelectric materials ﬁgure of merit (ZT).1,2 ZT, is given by
2r
T, where S is the Seebeck coefﬁcient, r is the
ZT ¼ ðjSe þj
lÞ
electrical conductivity, j is the thermal conductivity, and T
is the absolute temperature (K). The enhancement in (S2r)
through energy ﬁltering is possible by engineering the barrier
height and cross-plane phonon scattering reduces the lattice
contribution to the thermal conductivity.

a)

tsands@purdue.edu.

0021-8979/2012/112(6)/063714/8/$30.00

Existing thermoelectric (TE) materials are restricted in
their maximum operating temperature because of low melting or decomposition temperatures, scarce or toxic component elements such as Bi, Te, Co, and Pb, or low ZT values
at temperatures greater than about 700 K. The thermal and
chemical stability of oxides at elevated operating temperatures, the possibility of ﬁnding compositions with naturally
abundant and nontoxic constituents, and the low production
costs for bulk materials make oxides an attractive candidate
material for TE devices. Oxides have been previously
avoided for TE devices due to strongly ionic behavior and
narrow conducting bandwidths from weak orbital overlap
leading to localized electrons with low carrier mobilities.3
However, the prospects for oxides changed when large

112, 063714-1
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power factors were observed by Terasaki et al. in the magnetic layered cobalt oxide material, NaxCo2O4.4 The power
factor is comparable to that of Bi2Te3, but the mobility is
one order of magnitude lower, suggesting that a low mobility
conductor can also be an efﬁcient thermoelectric material.
Later, Wang et al. proposed that the large power factor in
NaxCo2O4 is related to its antiferromagnetic behavior at
room temperature. The spin states are free to transfer about
the crystal and these “moving spins” (spin entropy) carry
energy that contributes to the power factor.5 This unexpectedly large power factor in layered cobalt oxide materials
inspired research in p-type materials such as Ca3Co4O9 and
Bi2Sr3Co2Oy. However, ZT was found to be low due to high
room temperature thermal conductivities (4–5 W/mK).6,7 It
was later concluded that metal-oxide ZT values exceeding 2
would be difﬁcult to achieve because of their large jT values
(3–10 W/mK) compared with those of the heavy metallic
alloys (0.5–2 W/mK).8 While these investigations have
attracted a great deal of research, no major breakthroughs in
oxide TE materials have yet emerged.
The present study was designed to investigate p-type perovskite oxide metal/semiconductor superlattices as a potential
prototype materials system for thermoelectric power generation. Lanthanum strontium manganate La0.67Sr0.33MnO3
(LSMO) was investigated as a metal and lanthanum manganate,
LaMnO3 (LMO), as a p-type semiconductor for metal/semiconductor superlattices grown on strontium titanate SrTiO3 (STO)
substrates. La0.67Sr0.33MnO3 is based on LaMnO3 (Mn3þ,
t32ge1g) as the parent compound, where La3þ is partially
replaced by Sr2þ, which forces a partial change of Mn3þ to
Mn4þ with no eg electron (t32ge0g), resulting in a mixed Mn valence accompanied by hole doping. The hole may hop from a
Mn4þ ion to a Mn3þ ion only if the localized spins are parallel;
the hopping action between adjacent Mn ions is dominated by
the double-exchange mechanism through an oxygen ion. The
double exchange transport mechanism is responsible for the ferromagnetic and conductive ground state for Sr2þ doped manganates.9,10 LSMO is half-metallic, where one spin band is partly
occupied at the Fermi level and the other has a nearly zero density of states across the Fermi level.11 A strontium (Sr) concentration of x ¼ 0.33 shows ferromagnetic metallic behavior with
a metal work function (Am) of 5.2 eV.12
The parent manganese compound LaMnO3 is antiferromagnetic and insulating in its ground state with ion vacancies
of La3þ, Mn3þ, and O2, which allow doping on all lattice
sites. LMO undergoes a structural transformation at T  523 K
from the Jahn-Teller distorted orthorhombic phase to a hightemperature cubic semiconducting phase.13 The electrical
properties are tunable by varying the oxygen stoichiometry to
achieve a p-type semiconductor that conducts by cation transitions. The cation vacancies are responsible for the ferromagnetic as well as the semiconducting behavior.14 LMO has a
band gap of Eg ¼ 1.1 eV and electron afﬁnity of 4.4 eV.15
The LSMO (metal)/LMO (p-type semiconductor) superlattice is expected to have a Schottky barrier height in the
range that would be consistent with effective energy ﬁltering
at high temperatures (600–900 K), thereby enhancing the Seebeck coefﬁcient.16 Based on the relation AB ¼ Eg þ vs  Am,
a Schottky barrier (AB) height of 300 meV at 300 K is

J. Appl. Phys. 112, 063714 (2012)

expected. LSMO and LMO have closely matched lattice
parameters that allow the growth of epitaxial superlattices
with sharp interfaces. If the thermal conductivity can be suppressed while enhancing the power factor (increased square of
the Seebeck coefﬁcient due to energy ﬁltering that more than
offsets the decrease in cross-plane electrical conductivity),
then enhanced ZT would be expected.17
In this paper, the growth of LSMO/LMO superlattices
along with characterization of the materials and their electronic and thermal properties is reported. Growth conditions
that yield relatively low carrier concentrations have been chosen in order to better isolate relevant physical phenomena in
cross-plane thermal and electrical transport by suppressing the
effects of parasitic electrical series resistance and the electronic contributions to the thermal conductivity. The results
suggest that the barrier height of the superlattice composition
investigated is too high for thermoelectric applications near
room temperature but possibly suitable for elevated temperature operation. On the other hand, the reduction of lattice
thermal conductivity by interfaces is found to be effective,
even at room temperature. Finally, the results suggest potential for applications in magnetoresistive sensors at temperatures of 300 K and higher.18–20
II. EXPERIMENT

Epitaxial LSMO ﬁlm growth on (100)-oriented cubic STO
substrates was achieved using pulsed laser deposition (PLD)
with a 248 nm KrF excimer laser and a pulse width of 25 ns. A
laser ﬂuence of 1.3 J/cm2 and a pulse frequency of 5 Hz were
used to ablate the sintered LSMO target. The deposition was
performed at a constant substrate temperature of 740  C, measured using an infrared pyrometer. PLD growth was performed
to achieve metallic epitaxial thin ﬁlms of LSMO on STO using
a background O2 pressure of 50 6 2 mTorr, which yielded
p-type semiconducting LMO. The target was polished prior to
each growth to ensure even ﬁlm growth and to avoid any large
particulates breaking off from the roughened target surface due
to laser thermal shock or heating of the subsurface before surface vaporization. The LSMO growth rate was 0.13 Å/pulse,
with typical ﬁlm thickness ranging from 300 nm to 400 nm.
X-ray diffraction (XRD) 2-theta-omega scans conﬁrmed h001itextured LSMO ﬁlms on STO substrates without any additional
peaks from impurity phases. The rocking curve full-width-athalf-maximum intensity (FWHM) was found to be 0.012 ,
suggesting an epitaxial ﬁlm of high crystalline quality. XRD
asymmetric 110 Phi scans of LSMO on STO show all four
90 -separated ﬁlm peaks are well aligned with the substrate
peaks, which conﬁrmed highly aligned grains and in-plane
epitaxy.
LMO thin-ﬁlm growth optimization to achieve p-type
semiconducting behavior on (100)-STO substrates was also
performed using PLD. The laser ﬂuence was maintained at
1.3 J/cm2 with a pulse frequency of 5 Hz. Variations in oxygen pressure over the range of 40 to 65 mTorr had no impact
on the epitaxial growth of the thin ﬁlms as evaluated by
XRD 2-theta-omega scans and Phi scans. In an oxygen pressure window of 45–55 mTorr, a semi-transparent semiconducting thin ﬁlm of LMO was achieved. The evaporated
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target species reacted with the oxygen ﬂow at a pressure maintained at 50 6 2 mTorr inside the chamber and a substrate
temperature of 740  C to achieve the LMO ﬁlms with p-type
semiconducting behavior. The LMO growth rate was approximately 0.13 Å/pulse. XRD 2-theta-omega scans conﬁrm
c-axis aligned LMO ﬁlms on STO substrates, and rocking
curves of LMO/STO show a small FWHM (0.028 ), indicating that the ﬁlm was of high crystal quality. LMO XRD
asymmetric 110 Phi scans conﬁrmed highly aligned grains
and in-plane epitaxy.
Finally, p-type LSMO/LMO superlattices were grown
on (100)-STO substrates (Fig. 1) using the same growth conditions. XRD 2-theta-omega scans indicate 002 ﬁlm peaks in
the vicinity of the STO 002 peak, and the rocking curves
(LSMO FWHM was 0.027 and LMO FWHM was 0.102 )
of an LSMO/LMO superlattice were consistent with the
anticipated epitaxial relationship (Fig. 2(a)). Asymmetric
110 Phi scans of LSMO/LMO on STO show all four ﬁlms
peaks separated by 90 , conﬁrming in-plane epitaxy for all
layers of the superlattice.
In order to determine the degree of relaxation and strain
in the superlattice layers, reciprocal space mapping (RSM) of
the oxide superlattices was performed. A 110 asymmetric
RSM of an LSMO/LMO superlattice is shown in Figure 2(b).
In the RSM map, a small degree of spread (low FWHM) and
highly intense peaks conﬁrm high-quality pseudomorphic
LSMO/LMO superlattice growth on STO substrates. Crosssectional transmission electron microscopy (TEM) images of
the superlattice were taken using an FEI Titan 80–300 operating at 300 kV, revealing the presence of an epitaxial layered
structure of high crystalline quality with sharp interfaces and
no obvious signs of interlayer diffusion (Fig. 3).
To perform temperature-dependent cross-plane electrical measurements of LSMO/LMO superlattices, cylindrical
pillar structures (900 nm height and 300 lm diameter) were
fabricated using optically sensitive resist (AZ-9260) as a
mask for inductively coupled plasma reactive ion etching
(ICP-RIE) (Fig. 4). The optimal etching conditions were
40:10 sccm of Cl2:Ar, a chamber pressure of 0.7 Pa, an RF
forward power of 800 W, and a capacitive bias of 350 W.

J. Appl. Phys. 112, 063714 (2012)

FIG. 2. (a) XRD 2-theta-omega scan of an LSMO/LMO superlattice on a
STO (100) substrate conﬁrming c-axis epitaxial behavior with LSMO
FWHM (0.027 ) and LMO FWHM (0.102 ) and (b) 110 RSM of a micronthick LSMO/LMO superlattice. The LSMO and LMO peaks have a small
degree of spread and show a consistent in-plane lattice parameter, conﬁrming the pseudomorphic epitaxial growth of the superlattice ﬁlm.

The top and bottom contact metallization consisted of three
layers, Ti (10 nm)/Pt (40 nm)/Au (500 nm).
III. RESULTS AND DISCUSSION
A. LSMO and LMO thin films

FIG. 1. Schematic of metallic LSMO (8 nm)/semiconducting LMO (8 nm)
superlattice (LSMO/LMO)60 structure.

The LSMO and LMO thin ﬁlms were characterized using
Hall effect, four-probe temperature-dependent resistivity (TDR),
and in-plane Seebeck measurement techniques. Hall effect characterization of a 400 nm-thick epitaxial LSMO ﬁlm on STO
showed a room temperature resistivity of 0.32 Xcm and a hole
carrier concentration of 1.38  1020 cm3. In-plane four-probe
TDR (Fig. 5(a)) measurements of an LSMO ﬁlm showed a magnetic phase transition temperature (TP) or Curie temperature
(Tc) at 260 K, accompanied by a metal-semiconductor phase
transition, frequently referred to as a metal-insulator transition,
which is typically attributed to changes of the spin states,
charges, and orbital degrees of freedom.21 The low temperature
ferromagnetic metal to high temperature paramagnetic metal
transition causes an increase in conductivity. The transport
above the phase transition temperature is governed by the
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FIG. 3. (a) Low-magniﬁcation cross-sectional bright ﬁeld TEM images of an
LSMO (8 nm)/LMO (8 nm) superlattice and (b) high-resolution cross-section
TEM conﬁrming epitaxial layer contrast of LSMO/LMO superlattices on
a STO (100) substrate were taken using FEI Titan operating at 300 kV. The
contrast in (a) along the normal to the growth surface is due to threading
dislocations.

polaron mechanism22 yielding a temperature dependence
that can be described by a thermal activation energy (EA) of
162 6 8 meV, which was extracted using Arrhenius ﬁtting of
the temperature dependent conductivity.23,24 The in-plane
Seebeck measurement of LSMO showed a Seebeck coefﬁcient with a magnitude less than 20 lV/K, consistent with
metallic behavior (Fig. 6(a)).25
Hall effect characterization of a 400 nm epitaxial LMO thin
ﬁlm on STO revealed a room temperature resistivity of 10.4
Xcm and a hole carrier concentration of 6.86  1018 cm3.
Four-probe in-plane TDR of p-type LMO thin ﬁlms showed a
TP at 240 K and semiconducting behavior above the phase transition with a thermal activation energy (EA) of 166 6 8 meV
(Fig. 5(b)). The in-plane Seebeck measurement (Fig. 6(b)) conﬁrmed that the LMO ﬁlms were p-type with a room temperature
Seebeck coefﬁcient of 140 6 3 lV/K.
Epitaxial LSMO and LMO thin ﬁlms were also characterized using magnetoresistance (MR) measurements. Magnetoresistance is given by DR/RH ¼ (RH  R0)/RH, where R0 is the
resistance at H ¼ 0 T and RH is measured at 0.2 T. The LSMO
in-plane TDR shows a TP at 260 K and a magnetic ﬁeld transition (TPB) at 248 K, while the p-type LMO thin ﬁlms show
a TP at 240 K and a TPB at 220 K (Figs. 5(a) and 5(b)).

FIG. 4. (a) Top view SEM images of anisotropically etched LSMO/LMO
superlattices with pillar heights of 1 lm and the schematic of ﬁnal structure
of LSMO/LMO superlattices for I-V cross-plane measurement. (b) Side
view of ﬁnal structure and (c) top view of ﬁnal structure.

However, the maximum MR was found to be at temperatures
below the TP and TPB temperatures; LSMO shows an MR
ratio of 16% at 210 K and the LMO MR ratio is 52% at
200 K, consistent with previous studies of perovskite thin
ﬁlms with magnetic ions on the “B” site.18–21,26
B. Thermal conductivity of LSMO/LMO superlattices

Thermal conductivity measurements of LSMO and LMO
thin ﬁlms, as well as p-type LSMO/LMO superlattices, are
essential to evaluate potential thermoelectric applications. The
room temperature thermal conductivity of thin ﬁlms and
superlattices were measured using the photo-acoustic (PA)
technique.27 The sample was coated with 80 nm of titanium
deposited by e-beam evaporation using an Inﬁcon deposition
controller to monitor Ti deposition thickness. Each sample
and the reference STO bare substrates were coated with Ti
simultaneously to achieve the same thickness and tolerance.
The sample was heated by the modulated laser beam to generate an acoustic signal. A condenser microphone that was built
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FIG. 5. (a) Temperature-dependent in-plane resistivity of LSMO and (b)
temperature-dependent in-plane resistivity of LMO with and without a magnetic ﬁeld applied in a direction normal to the ﬁlm surface.

into the PA cell was used to sense the acoustic signal and
transmit to a lock-in ampliﬁer that measured the amplitude
and phase shift of the pressure signal. The measured signal
was then related to thermal properties of the sample using a
heat conduction model.27 A detailed discussion of the PA
measurement technique is available elsewhere.27,28 The measured cross-plane room temperature thermal conductivities of epitaxial thin ﬁlms of LSMO and LMO are 1.60 6 0.075 W/mK
and 1.29 6 0.025 W/mK, respectively. Moreover, the crossplane thermal conductivity of p-type LSMO/LMO superlattices was found to be 0.89 6 0.21 W/mK, which is lower than
the reported value for bulk oxides, composite materials, or
heavy metal alloys. These results indicate that cross-plane
phonon scattering reduces the lattice contribution to the
thermal conductivity. The experimental amplitude measurements as a function of the modulation frequency are shown
for LSMO (Fig. 7(a)), LMO (Fig. 7(b)), and an LSMO/LMO
superlattice (Fig. 7(c)). The Wiedemann-Franz law (je ¼ LorT)
was used to estimate the electronic contribution (je), where
Lo ¼ 2.44  108 WXK2. The lattice contribution to the total
thermal conductivity (jl) was determined using (jl ¼ jT  je).
The electronic contribution to the measured thermal conductivity was found to be negligible. The reduction in thermal conductivity using p-type perovskite LSMO/LMO superlattices
suggests that coherent interfaces with nanoscale periods may
allow reduction of the lattice thermal conductivity in perovskite
oxides to levels that are required for high ZT thermoelectric
materials.

J. Appl. Phys. 112, 063714 (2012)

FIG. 6. (a) In-plane Seebeck measurement of LSMO shows Seebeck coefﬁcient consistent with metallic behavior with a magnitude of less than 20 lV/K
and (b) in-plane Seebeck measurement of LMO validating p-type behavior
with a room temperature Seebeck coefﬁcient of 140 6 3 lV/K.

C. Cross-plane electronic transport in LSMO/LMO
superlattices

The in-plane temperature dependent resistivity of epitaxial LSMO/LMO superlattices showed a magnetic phase
transition temperature (TP) of 250 K (Fig. 8(a)) and an
extracted thermal activation energy (EA) of 101 6 5 meV
(Fig. 9). The cross-plane I-V measurement was performed for
the p-type LSMO/LMO superlattices as a function of temperature (100–600 K). The extracted cross-plane temperaturedependent resistivity with magnetic phase transition (TP)
or Curie temperature (Tc) at 330 K is shown in Figure 8(b).
The apparent TP was shifted to 330 K for cross-plane transport through LSMO/LMO superlattices, 80 K higher than
the TP observed in in-plane measurements of LSMO, LMO
or LSMO/LMO thin ﬁlms. Note, however, that the room
temperature cross-plane resistivity (qc) was increased by
three orders of magnitude compared to the in-plane resistivity. A similar qc enhancement was reported by Kimura et al.
with a cross-plane peak shifted downward to 100 K from
the in-plane peak at 270 K in a single crystal layered manganate La2-2xSr1þ2xMn2O7 (x ¼ 0.3).29–31 Distortion of the
LMO octahedron (i.e., MnO6) and any alteration of the
Mn4þ/Mn3þ ratio, which can be modiﬁed by changes in oxygen concentration, have a strong inﬂuence on transport properties. Also, tensile strain is responsible for a reduction in TP
based on Jahn-Teller distortion theory.32,33 We conclude that
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FIG. 8. (a) Measured in-plane resistivity and (b) extracted cross-plane resistivity of p-type LSMO/LMO superlattice using temperature dependent I-V
measurement. The magnetic transition peak is shifted to T  330 K in crossplane transport through LSMO/LMO superlattices, 80 K higher than the
peak observed in in-plane resistivity in LSMO, LMO, or LSMO/LMO thin
ﬁlms.

cross-plane temperature-dependent electrical conductivity
data from LSMO/LMO superlattices assuming, for simplicity,
that the activated process(es) indicated by the temperature dependence was entirely due to thermionic emission over barriers at interfaces (Fig. 10). The extracted experimental barrier
height is consistent with the expected LSMO/LMO Schottky
FIG. 7. Photo-acoustic (PA) experimental amplitude measurement as a function of the modulation frequency for (a) LSMO sample, (b) LMO sample,
and (c) LSMO/LMO superlattice.

an increase in the compressive strain of LMO in the superlattice structure enhanced the TP in the superlattices. This conclusion is supported by an increase in the superlattice LMO
FWHM to 0.102 , which is higher than the individual LMO
thin ﬁlm FWHM (0.028 ).34,35 The cross-plane enhancement
in TP around room temperature may be promising for lowmagnetic-ﬁeld magneto-resistive devices, spintronics, ﬁeld
sensors, and magnetoresistive random access memory
(MRAM).24,36
The extracted cross-plane conductivity of the superlattice structure may suggest a contribution from thermionic
behavior above the phase transition temperature. The effective barrier height of 300 6 15 meV was extracted from the

FIG. 9. The in-plane LSMO/LMO superlattices electrical conductivity ﬁtting plot to extract the effective thermal activation energy of 101 6 5 meV.
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the cross-plane thermal conductivities of the individual thinﬁlm counterparts (LSMO and LMO). This reduction in lattice thermal conductivity may help to further improve ZT in
oxide thermoelectrics. Finally, the temperature dependence
of the cross-plane electrical resistivity combined with the
high value of the cross-plane Seebeck coefﬁcient (1520 lV/K
at 300 K) indicate that the barrier height at the LSMO/LMO
interface is too high for efﬁcient thermoelectric operation at
300 K. Modiﬁcation of the barrier height and doping levels for
a speciﬁc operating temperature range will be necessary to
fully evaluate the potential of this approach for thermoelectric
devices.

FIG. 10. Arrhenius plot of cross-plane LSMO/LMO superlattice electrical conductivity. The ﬁtting extracted an effective barrier height of 300 6 15 meV.

barrier (AB) height of 300 meV at 300 K, which may be
responsible in part for a lower than expected cross-plane electrical conductivity at 300 K. That the barrier height is too high
for optimal room temperature operation is also supported by a
measurement of the cross-plane Seebeck coefﬁcient using a
thermal imaging technique.37 The measured value was
1520 6 53 lV/K. Combining the cross-plane measurements of
the LSMO/LMO superlattices at 300 K yields a ZT less than
1  104. This low ZT is primarily a result of the growth conditions (50 mTorr at 740  C) chosen for this study. Those conditions yielded ﬁlms with in-plane resistivities that are more
than two orders of magnitude higher than the resistivities
obtained at higher oxygen partial pressures during growth.38
The high resistivities helped to suppress electrical and thermal
parasitics in cross-plane transport measurements, thereby simplifying the interpretation of magnetotransport and lattice
thermal conductivity measurements. Further measurements at
higher temperatures and with lower resistivity heterostructures
grown at higher oxygen partial pressures will be necessary to
fully evaluate the potential of this oxide superlattice approach.
IV. CONCLUSIONS

Cross-plane transport in LSMO/LMO superlattices has
been presented as a potential route to a p-type thermoelectric
material. Epitaxial thin-ﬁlm metallic LSMO and p-type LMO
with a room temperature Seebeck coefﬁcient of 140 lV/K
were deposited by PLD. The growth parameters of p-type
LSMO and LMO were used to obtain high-quality epitaxial,
micron-thick LSMO/LMO superlattices, as conﬁrmed by XRD
and cross-sectional TEM characterization. The measured
cross-plane resistivities of micron-thick LSMO/LMO superlattices show an enhancement of the apparent magnetic phase
transition temperature, to TP  330 K, 80 K higher than either
LSMO thin ﬁlms (TP  260 K), LMO thin ﬁlms (TP  240 K),
or in-plane-measured LSMO/LMO superlattices (TP  250 K).
The cross-plane enhancement in TP and the room temperature
cross-plane resistivity increase by three orders of magnitude
may be promising for low-magnetic ﬁeld magneto-resistive
devices and MRAM device applications. The room temperature cross-plane thermal conductivity demonstrated in the
p-type LSMO/LMO superlattices was 0.89 W/mK, lower than
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